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Ključne besede: vroče trganje, aluminijeve zlitine, oblikovanje razpok v vročem, ulitek. 
 
Vroče trganje je ena od napak, ki se pojavljajo med ulivanjem aluminijevih zlitin. Poznavanje 
mehanizmov vročega trganja je zelo pomembno, če želimo proizvajati kvalitetne izdelke iz 
aluminijevih zlitin. 
V zaključni nalogi so bili preiskovani mehanizmi vročega trganja v aluminijevih ulitkih. Poudarek 
je na problemu vročega trganja v AlZn9 zlitinah za uporabo v različnih vejah industrije, vključno 
z avtomobilsko in vesoljsko. 
Predstavljen je pregled preizkusov, ki so primerni za preiskovanje vročega pokanja. 
Določili smo zadnje temperaturno področje strjevanja (angl. Terminal Freezing Range, TFR), v 
katerem je napajanje že močno ovirano. Izračunano je bilo s pomočjo Scheil – Gulliverovega 






Enake zlitine so bile nato ulite v trajno kokilo, ki je bila oblikovana posebej za preiskave vročega 
pokanja. Ulitki so bili optično ocenjeni. Narejena je bila primerjava med napovedanim in 
izmerjenim TFR-om. Med eksperimenti smo kontrolirali nastanek vročih razpok. Z instrumentalno 
kokilo so bili izmerjeni sila, temperature in pomik med strjevanjem. Rezultati so predstavljeni na 
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Hot tearing is presented as one of defects, which occurs during casting of aluminium alloys. If we 
want to cast quality products from aluminium alloys is very important to know causes and 
mechanisms of hot tearing. 
In present work, mechanisms of hot tear formation in aluminium castings were studied. The main 
focus will be on the problem of hot cracking in AlZn9 alloys for applications in various industries, 
including automotive and aerospace. 
Overview of experiments, which are suitable for hot tearing investigations is introduced. 
Terminal freezing range (TFR) is calculated with use of Scheil – Gulliver model for all of the four 






Same alloys were then cast in permanent mould, which was designed for investigation of hot tears. 
Castings were optically evaluated. Comparison of predicted TFR with TFR from measurements 
from the experiments was made. 
Formation of hot cracks was monitored during experiments with instrumented rod mould. Force, 
temperature and displacement were measured during casting. At the end, results are described and 
























Širši povzetek vsebine z dosežki in ugotovitvami 
 
Vroče trganje je eden od glavnih in najbolj pogostih napak med strjevanjem, ko ulivamo 
podevtetske aluminijeve zlitine [5]. Te zlitine imajo široko območje strjevanja in so zato zelo 
dovzetne za vroče trganje. Spoznamo ga lahko kot razpoke na površini ali v notranjosti ulitka. To 
je ireverzibilna napaka v poltrdnem ulitku [4]. Vroče razpoke se pojavijo zaradi omejenega krčenja 
in pomanjkanja napajanja v kašastem območju med strjevanjem. Razpoke so lahko sestavljene iz 
glavne in več manjših razpok [3, 4]. Ko se pojavijo moramo popraviti ali zavreči ulitek, kar 
povzroči znatne izgube. 
To delo je osredotočeno na mehanizme vročega trganja livarskih aluminijevih zlitin. Namen dela 
je bil preizkusiti vpliv kemijske sestave štirih AlZn9 zlitin z različnimi deleži magnezija in bakra 
na vroče trganje. Na podlagi poizkusov je bila izbrana AlZn zlitina z najmanjšo nagnjenostjo k 
pokanju v vročem. Proučeni so bili vzroki in mehanizmi nastanka vročih razpok. 
Napoved obnašanja različnih zlitin znotraj določene zlitinske skupine glede na vroče pokanje je 
možna brez praktičnih preizkusov. Ugotovljeno je bilo [16], da je nagnjenost k vročemu pokanju 
povezana z določenim zadnjim temperaturnim področjem strjevanja (angl. Terminal Freezing 
Range, TFR), v katerem je napajanje že močno ovirano. Majhno območje strjevanja (majhen TFR) 
določene zlitine je sorazmerno z velikim nagnjenjem k vročim razpokam. V tej diplomski nalogi 
sta bili za izračun tega zadnjega območja strjevanja zlitin uporabljeni dve različni metodi, da bi 
pridobili kar se da natančne napovedi za dovzetnost na vroče trganje aluminijevih zlitin 
AlZnMgCu. Namen je bil dobiti dobro povezavo med izračunanim zadnjim območjem strjevanja 
(TFR – om) in izmerjenim številom vročih razpok. 
 
Eksperimentalna določitev TDCP in Trig ter izračun koeficienta dovzetnosti na 
vroče pokanje (Cracking Susceptibility Coeficient – CSC) 
V enem od objavljenih člankov [17] je bila predlagana uporaba temperatur TDCP in  Trig za 
izboljšanje napovedi o nagnjenosti zlitin k vročemu pokanju. Točka DCP (angl. Dendrite 
Coherency Point) je bila opisana kot trenutek med strjevanjem, v katerem se rastoči kristali 
dotaknejo in začnejo ovirati medsebojne premike. TDCP označuje konec težnostnega napajanja in 
definira začetek interdendritskega napajanja. Trig pa je ''temperatura togosti'', kjer se zaradi nižje 
temperature taline in ožjih dendritnih kanalih prepustnost taline občutno zmanjša. 
 
Za izračun koeficienta dovzetnosti na vroče pokanje (CSC) je bila predlagana [17] spodnja enačba:      
                                                          
                                𝐶𝑆𝐶 =
(𝑡0,99−𝑡𝑟𝑖𝑔)
(𝑡𝑟𝑖𝑔−𝑡𝐷𝐶𝑃)
    (1)
 





kjer je (𝑡0,99 − 𝑡𝑟𝑖𝑔) časovni interval od točke, kjer je fs = 0,99 (delež trdnine 99% - angl. fraction 
solid) in časom, ko zlitina doseže temperaturo togosti, (𝑡𝑟𝑖𝑔 − 𝑡𝐷𝐶𝑃) pa interval med časom, ko 
zlitina doseže temperaturo togosti in časom, ko se dendriti dotaknejo med seboj (angl. Dendrite 
Coherency Point – DCP). 
Določitev obeh temperatur, TDCP in Trig je mogoča z dvema različnima metodama; z reološkimi 
preiskavami ali z enostavno termično analizo [17]. Reološka preiskava (meritve viskoznosti) je 
zelo draga metoda in posledično primerna za uporabo v obširnih raziskavah. V tem delu smo za 
določitev TDCP in Trig uporabili enostavno termično analizo. 
Ta metoda temelji na dejstvu, da je velika razlika v toplotni prevodnosti med trdnimi dendriti in 
okoliško tekočo zlitino [17]. Odvod toplote iz trdne faze je hitrejši kot iz tekoče faze. Od trenutka, 
ko se konice dendritov med seboj dotaknejo se s prepletanjem mreže dendritov toplotna prevodnost 
začne povečevati. TDCP in Trig sta zaznani z dvema termoelementoma – eden je postavljen poleg 
stene lončka (Tw – wall temperature), drugi pa na sredini (Tc – center temperature). 
 
 
Slika A: Sestav naše enostavne termične analize 
Ko sta temperaturi izmerjeni, lahko iz obeh ohlajevalnih krivulj sestavimo krivuljo temperaturne 
razlike.  
Znano je, da je določitev TDCP in Trig mogoča z enostavno termično analizo z dvema 
termoelementoma [17]. S pomočjo teh dveh temperatur smo hoteli izračunati koeficient 
dovzetnosti na vroče pokanje (CSC), ki bi ga lahko povezali z raziskavami TFR – ja in številom 
toplotnih razpok v analiziranih vzorcih. Na sliki B so prikazani rezultati enostavne termične analize 
za našo prvo zlitino (AlZn9Mg2,3Cu2,3). 






Slika B: Rezultati enostavne termične analize, 1. zlitina (AlZn9Mg2,3Cu2,3) 
 
Na krivulji temperaturne razlike med termoelementom, nameščenim na robu in tistim na sredini 
preizkuševalnega lončka, lahko zlahka opazimo TDCP. Jasno je, da je točka, kjer se dendriti prvič 
dotaknejo med seboj (Dendrite Coherency Point – DCP) pri zlitini AlZn9Mg2,3Cu2,3 dosežena v 
področju, kje je prisotna le primarna α-Al faza. Nahaja se v točki, kjer krivalja temperaturne razlike 
doseže prvi minimum. V literaturi pa je objavljeno [18], da se Trig ujema z drugim minimumom 
krivulje temperaturne razlike. Znano je, da v Trig ni mogoče opaziti iz krivulj temperaturne razlike 
za vse zlitine. Tudi iz našega grafa ni možno opaziti te temperature. Na naši krivulji temperaturne 
razlike med obema termoelementoma nismo dobili drugega minimuma. Zato nismo bili zmožni 
določiti temperatur Trig za naše zlitine, posledično tudi nismo mogli izračunati koeficienta 
dovzetnosti na vroče pokanje (CSC) po zgornji enačbi. 
 
Napovedi vročega pokanja: 
V literaturi še vedno ni zedinjenja, kateremu trdnemu deležu pripada zadnje področje strjevanja - 
TFR. Kljub temu, je bila zmeraj zaznana dobra povezava med TFR – jem in nagnjenostjo k vočemu 
pokanju za aluminijeve zlitine. Ker smo želeli omogočiti najboljšo povezavo med izračunanim 
TFR - jem in izmerjenim številom vročih razpok, smo za izračun TFR - ja uporabili dve različni 
metodi. TFR smo izračunali po Scheil-Gulliverjevim modelu s programom Pandat®. Po pregledu 
TDCP = 624,5 °C 
Tliq = 632,5 °C 





literature smo predpostavili, da se zadnje področje strjevanja TFR nahaja nekje med trdnim 
deležem zlitine 90,0 - 99,5 % ali med 95,0 - 99,5 %. Tako smo dobili rezultate, izračunane po obeh 
metodah. V spodnji tabeli so predstavljeni TFR - i, izračunani z obema metodama z uporabo Scheil-
Gulliverjevega modela. 
 
Tabela 2: Rezultati Pandat® - simulacije za izračun TFR – ja z dvema različnima metodama 
Zlitina 
TFR 
(90-99,5 %) [°C] 
TFR 
(95-99,5 %) [°C] 
(1) AlZn9Mg2,3Cu2,3 28 25 
(2) AlZn9Mg2,6Cu2,3 20 18 
(3) AlZn9Mg2,3Cu2,6 29 24 
(4) AlZn9Mg2,6Cu2,6 21 18 
 
Z opazovanjem rezultatov v tabeli lahko hitro opazimo, da kažeta izračunana TFR0,90-0,995 in 
TFR0,95-0,995 zelo majhno odstopanje med seboj. Izračunan TFR je opazno večji pri zlitinah 1 in 3, 
po obeh metodah. Zato smo pričakovali, da bosta zlitini 2 in 4 tudi po preizkusih pokazali manjšo 
nagnjenost k pojavljanju vročih razpok. 
Za vsako zlitino smo naredili 4 poskuse in iz števila vročih razpok na vseh štirih ulitkih izračunali 
povprečno vrednost vročih razpok za posamezno zlitino. S primerjanjem povprečnih vrednosti 
vročih razpok smo ugotovili, da sta zlitini 1 in 3 bolj nagnjeni k pokanju v vročem kot zlitini 2 in 
4. Kljub temu, da je v literature veliko različnih definicij zadnjega območja strjevanja TFR je 
očitno, da ima to območje povezavo z nagnjenostjo k vročim razpokam [16]. To povezavo lahko 
zaznamo tudi pri naših zlitinah. Na spodnji sliki je prikazana povezava s TFR – jem, izračunanim 
po prvi metodi in povprečnim vrednostim vročih razpok za preiskovane zlitine. 
 






Slika Č: Povezava med TFR - om (izračunanim s prvo metodo) in povprečnimi vrednostmi vročih razpok 
za preiskovane zlitine 
 
 
Kvantitativno preiskovanje vročih razpok 
 
Za naše eksperimente je bila zgrajena posebna kokila za preiskovanje vročega trganja med 
strjevanjem. Razvita je bila na politehniščnemu inštitutu v Worcestru [12]. Istočasno lahko na njej 
merimo silo in pomik strjevanja zlitine, ter čas in temperaturo strjevanja. S temi meritvami smo 
lahko sestavili krivulje sile in ohlajevalne krivulje v odvisnosti od časa. V povezavi s temperaturo 
lahko določimo TDCP, začetek pojavljanja krčilnih napetosti in točka, v kateri pride do vroče 
razpoke. Ko te krivulje sestavimo skupaj in jih primerjamo s temperaturami iz enostavne termične 
analize, lahko vzpostavimo povezavo med procesom vročega trganja in strjevalnimi 
karakteristikami. 
    
Ugotovili smo, da se vroče razpoke pojavljajo pri trdnih deležih med 97,4 – 99,5 % za prve tri 
zlitine in med 70,1 – 85,9 % za zadnjo zlitino. Takšno odstopanje za 4. zlitino je lahko rezultat 
zunanjih dejavnikov, predolgega časa med prepihovanjem, dodatkom udrobnjevalca in litjem. 
Ugotovljeno je bilo, da je vroče pokanje kompleksen proces. Je kombinacija metalurških in termo 
- mehanskih interakcij. Osnovno razumevanje vročega pokanja obstaja, ampak standardna metoda 
za preučevanje le tega še ni dostopna. Ker model za napovedovanje vročega pokanja ni dostopen 
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1.1 Background of the problem 
 
In last years, a lot of commercial interest had been shown in the development of high strength Al-
Zn alloys with additions of Mg and Cu. Because of their superior combination of high specific 
strength, high tensile strength and satisfactory corrosion resistance, they are suitable for use in 
aircraft structures and automotive industry through heat treatments [1, 2]. Various industries, 
including automotive and aerospace, are showing more and more interest in aluminium alloys. 
 
As the industry's requirements for quality are increasing, it is important to produce castings free of 
defects. This can be a problem, especially for thin-walled and complicated castings, where defects 
are often present, known as hot tearing. If we want to cast good products from aluminium alloys, 
is very important to know their mechanisms of hot crack formation [3]. 
 
Hot tearing is one of main and most severe solidification defects, when we are casting hypoeutectic 
aluminium alloys [5]. They have high freezing ranges and therefore they are very susceptible to 
hot tearing. We can identify it as cracks on the surface or inside the casting. It is irreversible failure 
in semisolid casting [4]. Hot tearing initiation occurs in the mushy zone of a freezing alloy, usually 
because of the hindered contraction and lack of feeding in the mushy zone during solidification. 
The tears can be big enough to rip the whole section of the casting. These tears normally consist of 
a main tear and numerous minor tears, which follow inter-granular paths [3, 4]. When hot crack 
occurs, we have to repair or scrap the casting, which causes a significant loss. 
 
Hot tearing can severely influence the performance and lifespan of parts. It has been investigated 
for decades. To characterize Hot Tearing Susceptibility (HTS), many models and testing techniques 
were developed. Previous investigations show that formation of hot tearing is a complex process, 
which is caused by the interactions between heat flow, fluid flow and mass flow. Various factors 
have influence on hot crack formation [5], for example alloy composition, grain size, initial mould 
















This work was focused on hot tearing mechanisms in cast aluminum alloys. The aim of this thesis 
was to examine the influence of chemical composition on hot cracking behavior for four AlZn9 
alloys with different contents of magnesium and cooper. From experiments, the AlZn alloy with 
the lowest hot tearing tendency has been determined. The mechanisms of hot crack formation and 
their reason have been studied. 
Apart from that, two different methods for calculating Terminal Freezing Range (TFR) were used 
to get the most accurate forecast for HTS in AlZnMgCu alloys. Intention was to get good 



























2. Theoretical basis and review of the 
literature 
 
2.1 General information about hot tearing 
 
2.1.1 Solidification stages of investigated alloys 
 
In present studies, it was found that hot tearing occurs during solidification, particulary during time, 
when fraction of solid is between 0.85~0.995 wt.%. According to Eskin et al. [7], there are four 
stages of solidification to characterize the permeability of the solid network: 
• Mass feeding, where both liquid and solid are free to move; 
• Interdendritic feeding, during which the dendrites start to form a solid skeleton and the 
liquid has to flow through the dendritic network; 
• Interdendritic separation, during this stage the liquid network becomes fragmented and pore 
formation or hot tearing may occur; 
• Interdendritic bridging or solid feeding, during which the ingot has developed a 
considerable strength and solid-state creep compensates further contraction.   
 
Figure 1: Schematic representation of feeding mechanisms in a solidifying casting [rearranged after 8] 
 
For us, the third stage is important, as here formation of pores and hot tears occurs. With 
exaggerated solid fraction, permeability of the solid network decreases and liquid feeding comes 
to an end. When feeding is over, strain due to thermal contraction can occur simultaneously. If the 
strain developed on the solid network outstrips a critical value, then hot tearing occurs. [3] 





2.1.2 Mechanisms of hot crack formation 
 
In literature, there are different interpretations and models to explain the formation of hot cracks 
during the solidification of castings. 
In present studies about hot tearing tendency of aluminium alloys it was found [5], that hot crack 
initiation occurs during solidification of melt with increasingly approaching to solidus temperature 
and connecting of network of dendritic crystals. With progressive contraction due to solidification 
it comes to development of tensions in coherent dendrite network, which can lead to separation of 
material with additional hindered contraction in the casting. 
Among other things, hot cracking behavior is influenced also by feeding capability of the alloy [9, 
10]. Insufficient feeding can be a direct reason for high local tensions in mushy zone. These local 
tensions can lead to formation of hot cracks [11]. In opposition, in good fed molten metal, very low 
contraction tensions arise. Ability of healing the hot cracks through continuous flow again depends 
of solidification morphology of the alloy. The endogen-mushy und exogen-spongy solidification 
are predestined solidification morphologies for hot crack formation, as intercrystal feeding is more 
difficult to occur at those two solidification types [10]. 
 
 
2.1.3 Important factors for hot tearing tendency  
 
2.1.3.1 Chemical composition 
Tendency for hot tearing of an alloy considerably depends on size of their solidification intervals. 
Large solidification interval offers more time for gradual assembling of contraction tensions, which 
cause the local tensions. This consequently activates the hot tearing formation [12]. 
The other important factor is eutectic fraction in the alloy. Higher fraction of eutectic enables better 
healing of cracks during solidification and leads to better hot cracking resistance [6]. 
Alloying elements, whose solubility in solid aluminium is low, like for example Fe, Ni, Zr and Ti, 
lead to increased hot tearing tendency [13]. These elements form during solidification plate-shaped 
intermetallic phases, which reduce feeding ability of the alloy, and consequently prevent healing 
of arisen hot cracks [13]. For better hot cracking resistance are contents of these elements adjusted 
to as low, as possible. 
Also harmful for hot cracking resistance are elements in traces, like Sn, Pb and Bi, which build 
low-soluble phases toward end of the solidification [6]. 
 





2.1.3.2 Grain refinement 
Grain refining is an established method for decreasing HTS. With this procedure, the exogen-
spongy solidification type can be transformed to globular solidification form, which is more 
resistant to hot cracking. Another advantage of adding a grain refiner to the melt is a better 
distribution of micro porosity and improvement of stretching properties of alloys in semisolid state 
[12, 13] and thus a reduction of hot cracking formation. Apart from this, also time interval of mass 
feeding is increased because of lower grain sizes [14]. 
 
2.1.3.3 Metallurgical processes and casting parameters 
HTS could be considerably reduced by cleaning of the alloy, like for example impeller treatment 
or use of filters. With those procedures, we reduce bad influence of oxygen and other non-metallic 
inclusions on flow- and feeding capability of the alloy [10]. 
Another big factor on hot tearing formation is cooling rate. Low cooling rates enable lower dilation 
speeds in critical temperature interval and offer more time for decrease of tensions, so the HTS 
drops [11]. Increasing cooling velocity causes insufficient contraction settlement during growth of 
crystals and leads to segregations, which evokes widening of the effective width of solidification 
intervals and increases formation of hot cracks [5]. Furthermore, increasing cooling velocity cause 




2.2 Prediction of hot tearing tendency 
 
2.2.1 Determination of Terminal Freezing Range (TFR) with Scheil-
Gulliver model 
 
The forecast of hot cracking behavior of different alloys within a particular alloy-group is possible 
without practical experiments. In present studies [6], TFR was determined by thermodynamic 
calculations with Scheil-Gulliver Model. It was found [16] that it correlates with hot tearing 
tendency. A small TFR stands for a small hot tearing tendency. However, in literature, there is still 
no unification, to which solid fraction TFR refers exactly. It is proposed [16], that in Al-Mg-Zn 
alloys TFR is defined as the temperature interval between fraction of solid from 0,88 and 0,98. For 
AlSi7MgCu alloys, TFR was determined between solid phase shares from 0,950 to 0,995 [6]. There 
are many differences for definition of TFR in the literature. Despite that fact, we could always 









2.2.2 Experimental determination of dendrite coherency 
temperature (TDCP) and rigidity temperature (Trig) and 
calculation of cracking susceptibility coefficient (CSC) 
 
In one of the published papers [17] it was proposed the use of dendrite coherency temperature 
(TDCP) and rigidity temperature (Trig) for improving the forecast of hot tearing tendency. Dendrite 
coherency point (DCP) was described as a moment during solidification of the melt, at which 
growing crystals touch and start to hinder their movements. TDCP marks the end of mass feeding 
and defines start of interdendritic feeding. 
 
 
Campbell assumed [8] that after Rigidity point stress will exceed the network strength and the 
dendritic network will collapse. Therefore, Rigidity point represents the moment when the 
interdendritic feeding transfers to burst feeding [8]. With further solidification contractions casting 
defects like shrinkage pores and hot cracks arise. Based on these considerations it was suggested 
[17] to calculate CSC by followed equation: 
 
                                                               





where (𝑡0,99 − 𝑡𝑟𝑖𝑔) is duration between time interval from fs = 0,99 (fraction solid) and time, 
when alloy reaches rigidity temperature, as well as (𝑡𝑟𝑖𝑔 − 𝑡𝐷𝐶𝑃) is interval between the rigidity- 
and dendrite coherency temperature. 
 
Determination of TDCP and Trig is possible with two different methods; with rheological 
investigation or with thermal analysis (TA) [17]. Rheological investigation (viscosity 
measurement) is a very expensive method and consequently suitable for use in extensive 
researches. In this work, we used TA for determination of TDCP and Trig. This method is much 
cheaper and is appropriate for measurements considering bachelor thesis; therefore, it is described 
below. 
 
This method is based on the fact, that there is a significant difference of thermal conductivity 
between solid dendrites and the surrounding liquid metal [17]. Heat removal from solid phase is 
faster than from the liquid phase. When dendrite tips touch each other with increasing network in 
the mushy zone, thermal conductivity rises. TDCP and Trig are determined with two thermocouples 
– one placed in interior wall (Tw), and other in the middle of cup (Tc), Figure 2. 






Figure 2: Schematic drawing of experimental set-up for TA measurement [18] 
 
After temperatures are measured, we can build a temperature-difference curve from two cooling 
curves. The TDCP lays on position, where the temperature-difference curve shows the first minimum 
[18], Figure 3. 
 
Figure 3: Determination of TDCP and Trig for alloy AlSi5,5Cu1,5Mg0,6 [18] 
 
Djurdjevic [18] described, that also determination of Trig is possible from TA with two 
thermocouples. Trig matches with second minimum of temperature-difference curve, Figure 3. 





2.3 Experimental methods to evaluate hot tearing 
 
Over the years, different techniques to investigate hot tearing mechanisms have been developed 
and special moulds have been designed. The main purpose is to induce crack formation during 
solidification shrinkage and thermal contraction by constraining the casting. In this section some 
experimental methods are presented, which are used to study HTS. 
In general, we can classify the testing methods into following categories:  
• Tests by observation of hot cracks after the solidification 
• In-situ measurements of hot tear formation during solidification 
 
2.3.1 Tests by observation of hot cracks 
 
In constrained rod casting (CRC) mould, solidification begins at the ends of the bars and continues 
in the central part of the casting. The ends of the bar are attached in the mould to hinder shrinkage. 
The melt is poured into the mould through a mould sprue [19]. The severity of hot cracking in these 
tests can be evaluated by its total crack length/width, or critical length/diameter. Critical 
length/diameter is the last length, where are no tears present in casting yet. During the 
solidification, the contraction will begin, and hot tears will occur due to the increasing constrained 
shrinkage if the section is larger than a critical length/diameter. Hot cracks normally occur in the 
longer and thinner sections, perpendicular to the bar axis [5]. 
Hot tear in these tests is usually evaluated by its total crack length or the crack width. Internal 
cracks are normally not observed with these methods. With this procedure, only a qualitative or 
semi-quantitative evaluation data can be obtained [5]. 
In general, researchers are using two types of CRC moulds; mould with constrained rods of 
different lengths or with different diameters. 
A typical example of constrained rod mould, which is commonly used, is shown in the Figure 4. 
It is designed of 9,5 mm-diameter rods, which have different lengths; 51, 89, 127 and 165 mm. At 
the end of each rod is 19 mm-diameter ball, which acts as an anchor to keep the rod from the 
contraction during solidification. Before the casting, mould was coated with boron nitride (BN) 
spray and preheated to 335 ºC. It was opened 8 minutes after pouring. A graphite pouring cup was 
connected to the mould with a graphite sleeve. As a caution, graphite felt was inserted between the 
cup and the mould. This enabled the pouring cup to move freely downward toward the mould as 
the remaining metal in the cup solidified and contracted, thus keeping the metal from inducing 
severe shear strains at the sprue end of the rods. After solidification and cooling of casting, photos 
of cracks were taken with a digital camera. The digital images were then used to evaluate the widths 
of the cracks with a computer using commercial software [20]. 
 





Figure 4: Steel mould for constrained rod casting (CRC) [20] 
 
 
After evaluation, Equation 1 was used for calculating HTS, 
 
𝐻𝑇𝑆 =  ∑(𝑤𝑐𝑟𝑎𝑐𝑘 𝑥 𝑓𝑙𝑒𝑛𝑔ℎ𝑡 𝑥 𝑓𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛)    (2) 
 










As shown in Figure 5, numbers for the crack length and location factor were assigned by the 
following scheme [20]: 
 
  
Rod length factor 𝑓𝑙𝑒𝑛𝑔ℎ𝑡:                                        Crack location factor 𝑓𝑙𝑜𝑐𝑎𝑡𝑖𝑜𝑛: 
• 4 for the longest rod        1 for cracking at the sprue end 
• 8 for the second longest rod       2 at the ball end 
• 16 for the third longest rod       3 in the middle of the rod 






Figure 5: Crack sensitivity based on widths of cracks in CRC: (a) rod length factor; 













2.3.2 Instrumented measurements of hot tearing formation 
 
For quantitative tests of hot tear formation, special apparatus was developed by WPI and CANMET 
MTL. It is permanent instrumented constrained rod mould, which is able to measure load, 
shrinkage, time and temperature simultaneously during solidification of an alloy [5]. The set-up is 
shown schematically in Figure 6. 
 
Figure 6: Scheme of experimental set-up for determination of hot tears [5] 
 
Mould and casting temperatures were measured during the experiments. The parameters, which 
can be controlled during the test and are connected to hot tearing formation are alloy composition 
and grain refiner addition. Mould consists of two halves, divided vertically, and is made of H13 
steel. A hydraulic device is used for opening and closing the mould. Cavity of the mould, i.e. the 
casting, consists of two arms and a riser at the center. For reducing friction between the mould and 
casting, arms were designed with a little incline. One arm of the mould (left arm in Figure 6) was 
used for measurements of temperature and load or displacement during solidification of tested 
alloy. During solidification, melt grips a rod, which is connected to a load cell (Loadstar iLoad Pro 
Analog 500lb) or linear variable differential transformer (LVDT, Macro Sensors HSTA 750-1000) 
and load/shrinkage is measured. The other arm (right arm in Figure 6) is constrained with a steel 
bolt at the end. This arm is expected to solidify faster than the other because of the embedded bold 
at the end of the arm. Right bold cannot move, because it is fixed. This should constrain the arm´s 
contraction during solidification and may cause a formation and increase of tension, which will 
induce cracking. Crack is expected to appear at the area of the arm, which will solidify at last. On 
both sides of the casting, a graphite stopper restrains melt. With this mould, only one measurement 
at the time is possible; load or shrinkage. To ensure no movement of the casting during 
solidification, load cell is fixed firmly on the apparatus frame, while linear variable differential 
transformer is unrestrained, so it can move freely. This is why during load measurements resistance  
 




to contraction is present and cracking in the arm may appear. For measuring the temperatures in 
the casting, two K type thermocouples are used. As shown in Figure 6, one thermocouple is inserted 
in the center of the rod near the riser (T1), where hot tears should occur. The other is located at the 
end of the rod (T2). Load and displacement are recorded by a PC-based National Instrument data 
acquisition system from the moment of pouring the melt into the mould. The data was recorded at 
a rate of 200 Hz [5]. 
 
 
2.4 Hot tearing of aluminium alloys 
 
2.4.1 Binary alloys 
 
In work from Eskin et al. [7], results of HTS for different aluminum alloys were reported. In the 
following are described two binary alloys; Al-Cu and Al-Mg, which are important for this work. 
Both alloying systems show the maximum hot tearing tendency at a certain elements composition. 
This tendency is known as a lambda (λ) curve. With the increase in alloying elements content, we 
widen the freezing range and consequently increase the hot tearing tendency. But with further 
alloying, beyond the solid solubility limit, we get eutectic solidification and reduce the HTS with 
increasing amount of eutectic. 
Here we can find a connection between HTS and freezing range. At least in binary alloys, the 





In Figure 7, experimental results are shown, obtained from a ring-mould test for Al–Cu alloys [7]. 
From the picture we can see, that higher melt superheating causes a larger crack length. On the 
diagram, the curve indicates two peaks; at about 0.5% and 3–3.5% copper. There is no clear 
explanation for the second peak in the diagram. It is suggested [21] that the second peak is caused 
by impurities in the alloy. 






Figure 7: Crack length as a function of Cu content in Al determined using a ring mould testing at a melt 
superheating of 100 °C (○) and 20 °C (□) [7] 
 
2.4.1.2  Al–Mg 
 
In Figure 8, experimental results for Al–Mg alloys are shown. HTS reaches a maximum value at 
about 1% Mg. Similar to Al-Cu alloys, melt superheating causes a larger crack length also by Al-




Figure 8: Crack length as a function of Mg content in Al determined using a ring mould for a melt 
superheating of 100 °C (○), 60 °C (∆) and 20 °C (□) [7] 
 
 
In Table 1, alloy compositions corresponding to the maximum HTS of binary alloys are given. We 
can find out that alloys with the maximum solidification range have the biggest hot tearing tendency 
and are most prone to hot cracking respectively [7]. 
 




Table 1: Chemical compositions of binary alloys corresponding to the maximum HTS [7] 
ALLOYING SYSTEM 
MAXIMUM HTS AT THIS 
CONCENTRATION 
Al – Cu 0.5; 3.0 – 3.5 
1.0 
Al - Fe 1.0 
Al – Li 0.1 
Al – Mg 1.0 
Al – Mn 
2.0 
1.5 
Al – Si 
0.5 
0.3 – 0.4 
Al– Zn 6.0 
 
 
2.4.2 Ternary alloys 
 
There exists one ternary system reported in the literature, which is interesting concerning this 
thesis, namely Al–Cu–Mg. Typical pattern, which was observed already for binary systems, repeats 
for ternary alloys as well: there are some certain compositions, at which the HTS reaches the 
maximum value [7]. In Figure 9, a ternary diagram of hot cracking for Al-Cu-Mg alloys is shown. 
Diagram has a complex form, but shows clear maximum at 1.5 – 3 % Cu and 1 - 2 % Mg. 
 
 




3. Experimental work 
 
3.1 Preparation of alloys 
 
All experiments will be carried out in the melt laboratory at the Institut for Metallurgy in Clausthal 




Table 2: Chemical compositions of investigated alloys in wt. % 
Element Alloy Zn Mg Cu Al 
Content 
[wt. %] 
1 9 2,3 2,3 Rest 
2 9 2,3 2,6 Rest 
3 9 2,6 2,3 Rest 
4 9 2,6 2,6 Rest 
 
Alloys for this study were selected based on a parallel project and a simulation with program 
Modde. These are aluminum casting alloys and have very attractive properties for applications. 
Because of their high hot tearing tendency we tried to find the most appropriate alloy considering 
HTS. 
Alloys will be prepared by melting pure Al, Zn, Mg and Cu. All the elements, used in this work 
have very high purity. As oven and crucibles have low capacity, experiments were performed in 
two steps. We will prepare every listed alloy two times. In first step, we will cast in star-shaped 
permanent mould. After finishing experiments with star-shaped permanent mould, we will start 
with experiments with instrumented permanent mould and TA. In Figure 10 is shown a procedure 


















For every experiment, we will make 3 kg of melt in a graphite crucible. The melt will be heated in 
an electro resistant oven to 900 °C. Because of vaporization, addition of Mg and Zn will be made 
after Al and Cu are already melted. The melt will be kept about 200 °C above the liquidus 
temperature about 40 min after all the charging materials are added. Thus, all alloying elements are 
dissolved. Temperature will be controlled constantly with K type thermoelement. The alloy 
composition will be determined with a spark emission spectrometer SPECTRO Analytical 
Instruments GmbH, model SPECTROMAXx and will be accordingly adjusted. 
 
When the composition will meet the target, the melt will be degassed for 15 min using inert gas 
Ar. Degassing is important to ensure minimum contents of oxides and hydrogen and to clean the 
alloy from other inclusions. These undesirable elements can lead to porosity of casting and increase 
the hot tearing tendency. Alloy AlZn9Mg2,3Cu2,3 was observed with light-microscope ZEISS 
AXIO IMAGER.M2m. In Figure 11.a, a probe before degassing with Ar is shown and in Figure 
11.b a probe after degassing with argon is presented. We can see, that after degassing porosity is 
very decreased. Only shrinkage porosity is present in this probe. Gas porosity was eliminated with 
degassing. 
Melting 
approx. 2 h 
Alloying Degassing 
15 min. 
Grain refining with     
0,2 wt.% of AlTi5B1 












Figure 11: Alloy AlZnMg2,3Cu2,3, 50x enlarged; before degasing with argon (a), after degasing (b) 
It is known, that we can reduce tendency on hot cracking with addition of grain refiner. By grain 
refinement of the melt, finer microstructure is achieved. Sometimes the solidification morphology 
changes from a dendritic structure into a globular. Globular structure is favorable in relation to hot 
cracking. Also distribution of micro porosity in castings is more homogeneous [12]. In short, grain 
refiner has a lot of good effects on alloy during solidification considering HTS. Therefore, grain 
refiner AlTi5B1 will be added after degassing. Alloy AlZn9Mg2,3Cu2,3 was observed with light-
microscope after electrolytic etching. From Figure 12 it is to see that dendrites are much bigger 
before addition of grain refiner. In Figure 12.a is a probe without grain refiner, and only one big 
grain is captured. Probe after addition of grain refiner has much finer structure, Figure 12.b. With 




Figure 12: Alloy AlZnMg2,3Cu2,3, 100x enlarged; without grain refiner (a), with grain ref. AlTi5B1 (b) 
After addition of grain refiner to the melt, we will wait 15 min. In this duration grain refiner will 
distribute homogeneously in the alloy. The casting temperature will be 120 ºC above the liquidus 
temperature. Temperature of melt will be controlled frequently during experiments. For controlling 








3.2 Prediction of hot tearing 
 
3.2.1 Calculation of TFR with Scheil-Gulliver model 
 
Calculations of TFR will be made using the Scheil-Gulliver model with program Pandat® and with 
use of database PanAl.pdb. To enable the best correlation between calculated TFR and measured 
number of hot cracks, we will use two different methods for calculation of TFR, to get as possible 
accurate forecast of hot cracking behavior of AlZnMgCu alloys, Table 3. 
 
Table 3: Methods for calculation of TFR 
Variation Solid – phase fraction in TFR 
TFR0,900/0,995 from 0,900 to 0,995 
TFR0,950/0,995 from 0,950 to 0,995 
 
    
3.2.2 Determination of TDCP and Trig to calculate CSC 
 
For thermal analysis (TA), a special steel cup was used, Figure 13. The height of the cup is 60 mm, 
its diameter at the bottom is 50 mm and 60 mm at the top. The cup will be preheated to 300 ºC and 
samples with masses of approximately 250 ± 10 g will be poured into TA steel test cup. Right after 
pouring, two K type thermoelements will be inserted into the melt and temperatures between        










From Figure 14 we can see position of the thermocouple. Tips of thermoelements will be kept at 
the constant height, 30 mm from the bottom of the crucible. One will be located in the center of 
TA cup and other close to the wall. During all experiments, the cooling conditions will be constant. 
Average cooling rate will be approximately 0,28 K/s for all cooling curves. Data will be collected 
using a high-speed instrument data acquisition system, linked to a personal computer. Frequency 





   








3.3 Performing of the experiment 
 
3.3.1 Evaluation with constrained rod casting 
 
Casting in Star-shaped permanent mould is one of the most common methods to evaluate hot 
tearing, Figure 15. It is designed in a shape of a star with several bars with different lengths. The 
castings are optically evaluated. Each bar gets its number between 0 and 1 to represent a severity 
of a present crack. Numbers are assigned by the following scheme:  
• 1: completely broken rod 
• 0,75: encircled crack 
• 0,5: obviously cracked rod 
• 0,25: cracks, detected only with the magnifying glass 
 
The final number is the sum of all the cracks. HTS = 6 is the upper limit, if all the rods are 
completely broken, and HTS = 0 means, that no cracks were observed. That means, that alloy is 
not susceptible to hot tearing under the casting conditions, presented in certain experiment. 
 






After cooling of the casting, hot tears will be evaluated, regardless to the sort and number of cracks. 
Results obtained with this method are qualitative. Permanent mould, used in our experiments is 




Figure 16: Permanent mould with constrained rods 
 
Before starting with experiments, mould will be cleaned and covered with BN spray. It is used to 
reduce the friction between the mould wall and the casting and to facilitate the removal of casting 
from the mould. Mould will be preheated to 320 °C. During moving the mould from oven and 
measuring its temperature, temperature will fall. When mould reaches the desired preheating 
temperature 300 ± 2 °C, melt will be poured in with a steel ladle. Pouring temperatures for all the 
alloys will be 120 °C above their liquidus temperature. After full solidification, castings will be 
extracted from the mould and cracks will be optically evaluated. The tests for each alloy will be 










3.3.2 In-situ measurements during solidification 
 
For our experiments, special mould was made. It was developed by Worcester Polytechnic Institute 
[12]. This is permanent instrumented constrained rod mould for investigation of hot tearing 
formation. It is able to measure load, shrinkage, time and temperature simultaneously during 
solidification of an alloy. 
 
During melting of alloy the mould will be prepared: the load cell will be connected to the 
connecting rod and graphite holder. On other side, LVDT will be connected with another arm. 
Thermocouple for measuring temperature of the melt will be inserted. As it lays in the middle of 
the mould, it will be overcast during experiment, so it has to be replaced after each casting. Position 
of thermoelement was calculated on basis of MagmaSoft® simulation. We can see result of the 
simulation in Figure 17. Hot tear is expected to occur in position 2. This is the place, where we 
measured temperature of the melt. 
 
 
Figure 17: Calculated hot tearing tendency for investigated casting, made with FDN 
 
 
Before starting with every set of experiments, mould will be cleaned and covered with BN spray. 
Mould will be preheated to 280 °C.  





When mould reaches the desired preheating temperature 280 ± 2 °C, melt will be poured into the 
mould with a steel ladle. Right before pouring, data acquisition system will be started to record the 
temperatures, contraction force and contraction displacement simultaneously. Pouring 
temperatures for the alloys will be 120 °C above their liquidus temperature. After full solidification, 
mould will be opened and casting will be taken out. The tests for each alloy will be repeated three 
times. 
 
Results obtained with this method are quantitative. Thus, measurements with instrumented rod 
mould are increasingly in use. In Figure 18, schematic drawing of instrumented rod casting, used 
in our experiments is shown. 
 
 
Figure 18: Dimensions of casting [rearranged after 5] 
 
 
Displacement, load and temperature data will be plotted into three sets of curves. First will be 
temperature vs. time and its first derivate. Second curve will be load and its first derivate vs. time, 
and third curve displacement vs. time. First set of curves will give us alloy solidification data, Tliq, 
Tsol and cooling rate etc. From the second set of curves we will identify the crack initiation, 
propagation and the hot tearing process and relate them with time. Third set of curves will give us 
time of contraction onset. With comparing these three sets of curves we will get the quantitative 






4.1 Results from spectral analysis 
 
Results from spectral analysis are presented in Table 4 and 5. 
Table 4: Results from spectral analysis for experiments with star-shaped permanent mould 
Alloy 
Expected values [wt. %] 
 
Zn        Mg        Cu    
Obtained values [wt. %] 
 
Zn        Mg        Cu        Rest        Al 
(1) AlZn9Mg2,3Cu2,3   9          2,3        2,3   8,96      2,29       2,37       0,33       86,05 
(2) AlZn9Mg2,6Cu2,3   9          2,6        2,3   8,95      2,64       2,33       0,44       85,64 
(3) AlZn9Mg2,3Cu2,6   9          2,3        2,6   9,04      2,29       2,62       0,32       85,73 
(4) AlZn9Mg2,6Cu2,6   9          2,6        2,6   9,00      2,62       2,63       0,41       85,34 
 
Table 5: Results from spectral analysis for thermal analysis and for experiments with instrumented mould 
Alloy 
Expected values [wt. %] 
 
Zn        Mg        Cu    
Obtained values [wt. %] 
 
Zn        Mg        Cu        Rest        Al 
(1) AlZn9Mg2,3Cu2,3   9          2,3        2,3       9,02      2,30       2,34       0,29       86,05 
(2) AlZn9Mg2,6Cu2,3   9          2,6        2,3       8,96      2,59       2,36       0,34       85,75 
(3) AlZn9Mg2,3Cu2,6   9          2,3        2,6       9,04      2,30       2,68       0,23       85,54 
(4) AlZn9Mg2,6Cu2,6   9          2,6        2,6       8,97      2,61       2,60       0,30       85,52 
 
 
4.2 Results from thermodynamical calculations 
 
For calculations using the Scheil-Gulliver model, chemical compositions of investigated alloys 
were used. Scheil diagrams showed us precipitation temperatures of present phases. Solidification 
starts with α-solid solution and continues with MgZn2 (σ) phase and Al2Cu (θ) phase for all four 
investigated alloys. The only big difference is to see by last phase Al2Mg3Zn3 (T). This phase is 
present only at two of four investigated alloys. Therefore, Tliq is about 60 °C higher for these two 






Table 6: Thermodynamically calculated temperatures and fractions of present phases of tested alloys 
 
Phase; 
Precipitation temperature [°C], 
molar fraction [mol] 
FCC_A1 
(Al) 










































In the literature, there is still no unification, to which solid fraction TFR refers exactly. We wanted 
to enable the best correlation between calculated TFR and measured number of hot cracks. 
Therefore, we used two different methods for calculating. For calculation of TFR, we used solid 
fraction from 90,0 - 99,5 % with first method and from 95,0 - 99,5 % solid fraction with second 
method. In Table 7, TFR’s calculated with two different methods using the Scheil-Gulliver model 
are presented. 
 
Table 7: Results of Pandat® - simulation for calculating TFR with two different methods 
Alloy 
TFR 
(90-99,5 %) [°C] 
TFR 
(95-99,5 %) [°C] 
(1) AlZn9Mg2,3Cu2,3 28 25 
(2) AlZn9Mg2,6Cu2,3 20 18 
(3) AlZn9Mg2,3Cu2,6 29 24 






With observation of Table 7 it is to see that calculated TFR0,90-0,995 and TFR0,95-0,995 show very small 
deviation from each other. Calculated TFR is noticeably bigger for alloys 1 and 3, after both 
methods. Therefore, we expect that alloys 2 and 4 have lower tendency to hot tearing. 
 
4.3 Results from observation of hot cracks 
 
For determination of hot tearing tendency in star-shaped permanent mould, hot cracks were 
optically evaluated. Cracks were classified into four categories; completely broken rods, encircled 
cracks, obviously cracked rods or cracks, detected only with the magnifying glass. In Tables 8-11 
numbers of hot tears (HTN) and average values for the four examined alloys after optical evaluation 
are presented. 


















1 – 1 1 1 1 0,75 0,5 0 4,25 
4,5 
1 – 2 1 1 1 0,75 0,75 0,25 4,75 
1 – 3 1 1 1 1 0,75 0 4,75 
1 – 4 1 1 1 0,75 0,5 0 4,25 
 


















2 – 1 1 1 1 0,5 0 0 3,5 
3,7 
2 – 2 1 1 1 0,75 0 0 3,75 
2 – 3 1 1 1 0,75 0 0 3,75 

























3 – 1 1 1 1 0,75 0,5 0 4,25 
4,75 
3 – 2 1 1 1 0,75 0,75 0,25 4,75 
3 – 3 1 1 1 1 0,75 0,25 5,0 
3 – 4 1 1 1 1 0,75 0,25 5,0 
 
 


















4 – 1 1 1 0,75 0,75 0,5 0 4,0 
4,0 
4 – 2 1 1 1 0,75 0,5 0 4,25 
4 – 3 1 1 1 0,5 0,5 0 4,0 
4 – 4 1 1 0,75 0,5 0,5 0 3,75 
 
 
With comparison of HTN and their average values we can observe that alloys 2 and 4 have lower 
hot cracking tendency as alloys 1 and 3. Although there are many differences for definition of TFR 
in the literature, it is reported [16] that TFR correlates with hot tearing tendency. We could detect 
this correlation also for our alloys. In Figures 19 and 20 is shown correlation between TFR, 

















































































































4.4 Simulation of volume in dependence of temperature 
with ThermoCalc® 
 
One of the purposes of this thesis was to get understanding about the main effects of mayor alloying 
elements to HTS. Investigated elements were Zn, Mg and Cu. They have great effect to phase 
formation, which is connected to HTS. Therefore, we decided to make diagram of volume in 
dependence on temperature with program ThermoCalc®. Figure 21 shows this dependence. With 
understanding of volume change with temperature and comparing these temperatures with 
precipitation temperatures of present phases, calculated with Pandat® software, we can define what 
happens at marked temperatures. It is to see two big alternations in curve course, first at Tliq and 
second at temperature 467 °C. This is the secretion temperature of θ - (Al2Cu) phase. Diagrams, 
made with ThermoCalc are similar for all of the four investigated alloys. We assume that this phase 
has a big influence on hot tearing formation. We will try to confirm that with experiments with 
instrumented constrained rod mould. 
 
 
Figure 21: Volume in dependence of temperature for alloy 1 (AlZn9Mg2,3Zn2,3); Calculated curve, made 








4.5 Results from TA 
 
Liquidus temperatures for investigated alloys were determined with TA. Tliq was defined with 1. 
derivation of cooling curve. Tliq is easily noticeable with observing of Figure 22. It lays at          




















It is known [17] that determination of TDCP and Trig is possible from TA with two thermoelements. 
With help of these two temperatures we wanted to calculate CSC, which we could correlate to 
investigations of TFR and HTN in this work. In Figure 23, results of TA with two thermoelements 




Figure 23: Results from TA, 1. alloy (AlZn9Mg2,3Cu2,3) 
 
 
On temperature-difference curve (Tw – Tc) of Figure 23, TDCP can be observed easily. It is clear 
that DCP at AlZn9Mg2,3Cu2,3 alloy is reached in field, where only primary α-Al phase exists. It 
is located in point where the curve reaches first minimum. In literature it is reported [18] that Trig 
matches with second minimum of temperature-difference curve. It is not possible to observe Trig 
from temperature-difference curves for every alloy. We didn´t get any second minimum on our 
temperature-difference curves. Therefore, we are not able to define Trig for our alloys. The great 
importance plays composition of alloy. Also in available literature there is lack of data regarding 
the value of Trig. 
Results of TA curves showed similar results for all investigated alloys. They are enclosed at the 
end of this thesis. 
TDCP = 624,5 °C 






4.6 Results from in-situ measurements of hot tear 
formation 
 
Temperature, force and displacement were recorded simultaneously during casting procedure. 
These measurements were used to generate force and temperature curves in dependence of time. 
Figure 24 displays curves from our experiments for alloy 1 (AlZn9Mg2,3Cu2,3). TDCP, begin of 
formation of contraction tensions and point of rod fraction could be determined with correlation to 
temperatures. With putting together these curves and comparing them with temperatures from TA 
the quantitative relations between the hot tearing process and the alloy solidification characteristics 
could be established. 
 
 
Figure 24: Temperature, force and its first derivation vs. time for alloy 1 - AlZn9Mg2,3Cu2,3 
    
 
 
Fracture of rod, T = 473 °C 
End of 
interdendritic 
feeding           
T = 559 °C 






With observation of curve force vs. time it is to see that contraction of alloy begins with cooling of 
the melt. Contraction is slower before first point in diagram and promotes after it. We conclude 
that this could be TDCP, because at that point dendrites start to interact with each other and 
contraction tensions arise. Point where contraction accelerate suddenly was observed at most of the 
curves from our experiments. 
It was proposed that after casting, liquid metal exerts metallostatic pressure and delays contraction 
of the melt. With observing of curve force vs. time in Figure 24 it is observed, that temperature of 
minimum is located at 559 °C. We conclude that this is area where interdendritic feeding is 
completed. In Table 12, results from comparison of times and temperatures at minimums are 
presented, where end of interdendritic feeding is intended to be. It was observed that temperatures 
are very similar within an alloy and comparable with all of investigated alloys. 
 
Table 12: Times and temperatures of minimums, where end of interdendritic feeding is intended to be 
Alloy End of feeding [s] Temperature [ºC] 
1 7,64 559,13 
1 6,84 561,62 
1 7,16 563,64 
2 5,60 581,39 
2 5,76 581,68 
2 5,92 580,24 
3 7,56 549,82 
3 7,76 549,54 
3 8,24 551,45 
4 5,40 586,57 
4 4,36 604,80 









When interdendritic feeding is over, strain due to thermal contraction occurs simultaneously. These 
contraction tensions exceed metallostatic pressure and cause incline of force curve. With further 
contraction, tensions in casting rise. If the strain developed on the solid network outstrips a critical 
value, hot tear will occur. This point is to see in Figure 24, where curve of 1st derivation of force 
increases rapidly at 21st second. This peak is considered to show fracture of rod, where hot tear 
occurs. Temperatures and times of those peaks of all curves from investigated alloys were 
compared. In Table 13 results are presented. It was observed that temperatures of rapid increase of 
1. derivation curves are always located in the same area. These are temperatures from 449 – 474 
°C. Comparing these temperatures with calculations from Pandat® software it was obtained that 
this is area from 97,4 – 99,5 % solid fraction. 
Other force and temperature curves in dependence of time from our experiments are enclosed at 
the end of this thesis. 
 
Table 13: Times and temperatures of peaks from curve of 1. derivation of force, where fraction of rods is 
intended to occur 
Alloy Fraction of rod [s] Temperature [ºC] 
1 21,28 472,97 
1 27,08 455,99 
1 21,08 472,87 
2 21,16 473,45 
2 19,84 472,87 
2 23,32 469,42 
3 22,64 462,22 
3 23,24 448,69 
3 19,76 468,27 
4 14,72 502,62 
4 7,36 571,89 
4 11,16 522,48 
 
In the second set of curves, displacement vs. time diagrams were built. Results are not presented 






With comparison of results from calculations of TFR with Pandat® software and optically 
evaluation of hot tears, present from casting in star – shaped permanent mould it is to see, that 
lower TFR in alloys 2 and 4 correlates with smaller HTN in castings, Figures 19, 20. 
From diagrams V / T, which are attached at the end of this work it is concluded that phase θ - 
(Al2Cu) plays a great role in relation to hot tearing formation, as volume change rapidly at its 
precipitation temperature. It precipitates in area, where fraction of all rods occurred. 
Phase Al2Mg3Zn3 is not present in alloys 2 and 4, which showed lower hot tearing tendency. It was 
concluded that it has negative effect on hot tearing initiation. Because of its small fraction in alloys, 
where it is present, it is unclear, whether the phase has any influence on solidus temperature also. 
It may be that solidus temperature is about 60 °C lower at alloys 1 and 3, as Al2Mg3Zn3 phase is 
present in them. 
TDCP´s for investigated alloys were determined experimentally with TA and from force vs. time 
curve from measurements in instrumented constrained rod mould. Comparison of temperature, 
determined with two different methods is presented in Table 14. With observation of the results it 
is to see that temperatures from force vs. time curves correlate with TDCP from TA by all of them. 
It is assumed that TDCP can be observed from force vs. time curves, where force suddenly drops. 
Small deviation could be consequence of difference between measurements, which is ordinarily. 
As Trig is not visible from our curves, we were not able to calculate CSC with the method described 
above and to compare it to TFR and HTN from this work. 
 










624,5 623,2 1 
624,2 624,7 2 
624,4 623,5 3 
625,9 628,5 4 
 
Tliq and temperature, where TDCP is expected to occur were compared to fs, calculated using Pandat
® 
software. Temperatures from experiments were a little higher as temperatures from Pandat® 
software. It can be consequence of external factors or mistake of thermoelement ± 3°C. Fraction 
of solid, at which TDCP occurs can´t be defined exactly from our experiments but can be compared 







From our curves, point of crack initiation is not visible. In Table 13, results from comparison of 
times and temperatures of peaks from curve of 1. derivation of force are presented. This peak is 
considered to be the point of rod fraction. All rods from our experiments broke. This was planned, 
as the mould is designed in the way that rods should break. From Table 13 it is observed also, that 
temperatures of fraction are very similar within an alloy and comparable with all of investigated 
alloys. These results with temperatures of solid fractions were compared with calculations of fs 
from Pandat® software. It is to see, that hot tears occur at solid fractions from 97,4 – 99,5 % for 







Compositions of alloys in this paper are considered as very accurate. The results of spectro analysis 
deviate not more than 3 % from planned chemical compositions of the alloys. Sum of Fe and Si, 
which are undesired elements in this research was the highest in alloy 3, where it adds up to 0,303 
wt. %. Sum of other elements is the highest at alloy 4, where it adds up to 0,101 wt. %. 
With our experiments we confirmed, that lower terminal freezing range in alloys 2 and 4 correlates 
with smaller number of hot tears in castings. 
In further investigations, possibility of determining TDCP with measurements in constrained rod 
mould should be examined. We assume, that we can get the same results as with measurements 
with TA. 
As Trig is not visible from our curves, we were not able to calculate cracking susceptibility 
coefficient. For determination of Trig, viscosity measurements should be made with all the 
investigated alloys. With comparison of CSC and measurements of TFR and number of hot tears, 
we could get better view to mechanisms of hot tearing. 
Hot tears in our experiments occurred at solid fractions from 97,4 – 99,5 % for first three alloys 
and from 70,1 – 85,9 % for the last alloy. It is to see, that results from all measurements are similar 
for alloys 1 – 3 and deviate for alloy 4. This can be result of external factors, too long period during 
degassing, addition of grain refinement and casting. 
It is concluded that hot cracking is a complex process. It is a combination of metallurgical and 
thermo-mechanical interactions. The basic understanding of hot cracking exists, but standard test 
method to study it is still not available. We are not able to predict if hot cracking will occur or not, 
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Enclosure 1: Chemical compositions of investigated alloys, determined with a spark emission 




























Figure 1.e: Chemical composition of alloy 1 – AnZn9Mg2,3Cu2,3 for experiments with instrumented 






Figure 1.f: Chemical composition of alloy 2 – AnZn9Mg2,6Cu2,3 for experiments with instrumented 
mould for in-situ measurements of hot tearing 
 
 
Figure 1.g: Chemical composition of alloy 3 – AnZn9Mg2,3Cu2,6 for experiments with instrumented 






Figure 1.h: Chemical composition of alloy 4 – AnZn9Mg2,6Cu2,6 for experiments with instrumented 




















Enclosure 2: Diagrams of calculations using Scheil-Gulliver model with Pandat® software 
 
Figure 2.a: Precipitation of phases in alloy 1 – AlZn9Mg2,3Cu2,3 
 
 











Figure 2.c: Precipitation of phases in alloy 3 – AlZn9Mg2,3Cu2,6 
 
 










Enclosure 3: Diagrams V vs. T for investigated alloys, built with ThermoCalc software 
 
 
Figure 3.a: Volume vs. temperature for alloy 1 – AlZn9Mg2,3Cu2,3 
 
 
















Enclosure 4: Results from TA measurements 
 
Figure 4.a: Temperatures in center and middle of the TA cup, their first derivation and difference 
 in temperatures (Tw – Tc) for alloy 1 (AlZn9Mg2,3Cu2,3) 
 
 
Figure 4.b: Temperatures in center and middle of the TA cup, their first derivation and difference 






Figure 4.c: Temperatures in center and middle of the TA cup, their first derivation and difference in 




Figure 4.d: Temperatures in center and middle of the TA cup, their first derivation and difference 






Enclosure 5: Diagrams of temperature, force and its 1. derivation vs. time, made with Origin from 
experimental measurements 
 
Figure 5.a: Temperature, force and its first derivation vs. time for alloy 1 – AlZn9Mg2,3Cu2,3 
 
 











Figure 5.d: Temperature, force and its first derivation vs. time for alloy 4 – AlZn9Mg2,6Cu2,6 
